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Trans-parinaric acidCeramides and diacylglycerols are lipidswith a large hydrophobic part (acyl chains and long-chain base)whereas
their polar function (hydroxyl group) is small. They need colipids with large head groups to coexist in bilayer
membranes. In this study, we have determined how saturated and unsaturated ceramides and acyl-chain
matched diacylglycerols form ordered domains in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine bilayers
as a function of bilayer concentration. The formation of ordered domains was determined from lifetime analysis
of trans-parinaric acid. Ceramides formed ordered domains with equal average tPA lifetime at lower bilayer
concentration when compared to acyl-chain matched diacylglycerols. This was true for both saturated (16:0)
andmono-unsaturated (18:1) species. This ﬁnding suggested that hydrogen bonding among ceramides contrib-
uted to theirmore efﬁcient ordered phase formation, since diacylglycerols do not form similar hydrogen bonding
networks. The role of hydrogen bonding in ordered domain formation was further veriﬁed by using palmitoyl
ceramide analogs with 2N and 3OH methylated long-chain bases. These analogs do not form hydrogen bonds
from the 2NH or the 3OH, respectively. While methylation of the 3OH did not affect ordered phase formation
compared to native palmitoyl ceramide, 2NH methylation markedly attenuated ceramide ordered phase forma-
tion.We conclude that in addition to acyl chain length, saturation, molecular order, and lack of large head group,
also hydrogen bonding involving the 2NH is crucial for efﬁcient formation of ceramide-rich domains in ﬂuid
phosphatidylcholine bilayers.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Ceramides are central molecules in the metabolic conversion of
sphingolipids, since they are immediate precursors of more complex
sphingolipids, and their phosphorylation or degradation can yield
metabolites which may exert bioactivity [1–6]. Consequently, in most
cells the level of ceramides is generally very low (~0.1 mol% of total
phospholipid) and kept under strict control [7,8]. However, following
acute or prolonged activation of sphingomyelinases, local levels of
ceramides can be enriched signiﬁcantly [9–11]. The local accumulation
of ceramides in sphingomyelin-rich domainsmay become very high fol-
lowingpartial degradation of sphingomyelin by sphingomyelinases [12].
Increased de novo biosynthesis, or degradation of glycosphingolipids
may also contribute to increased ceramide mass [13,14].
In general, naturally produced ceramides have saturated N-linked
acyl chains, especially if they are generated as a result of degradation
of plasma membrane sphingomyelin (SM). Such ceramides may besolubilized by undegraded SM, or by glycerophospholipids. In model
membrane systems, the bilayer solubility limit has been observed at
67 mol% ceramide [15], which is the same limit as found for cholesterol
[16]. However, the monomer solubility of ceramide is low (2 mol%
in model glycerophospholipid systems [17]), and hence ceramide
enriched and segregated domains are found both in model [18–22]
and biological membranes [23–26].
There are probably several reasons why ceramides are so prone to
segregate. Firstly, their acyl chains are often saturated (and hence
ordered), which leads to an entropically driven tendency of ceramides
to segregate from unsaturated phospholipids having disordered
acyl chains [27]. Secondly, ceramides, like other members of the
sphingolipid family, are highly hydrogen bonding-competent lipids
[28], which in part accounts for the tendency to phase-separate. Thirdly,
the lack of a large head group allows for close ceramide/ceramide and
ceramide/co-lipid interaction, providing further stabilization via attrac-
tive van der Waal's forces [29].
Diacylglycerols (DAGs), produced in cells e.g., by the action of phos-
pholipase C, share some structural similarities with ceramides (for a
review, see [30]. Like ceramides, they have a large hydrophobic part
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tend to segregate in bilayermembranes. However, the fundamental dif-
ference between ceramides and DAGs lies in the chemical structure of
their interfacial region formed by the sphingoid backbone or glycerol,
respectively. One major consequence of the different functional groups
in the interface regions of these two lipids is the higher capability of
ceramides to form hydrogen bonds. To shed light on how the structural
differences at the interface region, including the effect of hydrogen
bonds, affect the process of ordered phase formation by ceramides
and acyl-chain matched DAGs, we have studied these lipids inmixtures
with a mono-unsaturated, disordered phosphocholine. We have
examined the formation of ordered phase by N-palmitoyl ceramide
(PCer; with either 18:1Δt4 or 20:1Δt4 as the long chain base) and 1,2-
dipalmitoyl glyceride (DPG) in 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) bilayers at 23 °C. In addition, the process of
ordered phase formation in POPC by the monounsaturated N-oleoyl
ceramide (OCer; with either 18:1Δt4 or 20:1Δt4 as the long chain base)
and 1-palmitoyl-2-oleoyl-glyceride (POG) was studied at 10 and
23 °C. Finally, to further examine how altered hydrogen bonding capac-
ity affected the formation of an ordered phase by PCer in a POPC bilayer,
we examined how methylation of the 2NH or 3OH functions in the
sphingosine backbone affected ceramide-rich domain formation in
POPC bilayers. We determined the formation of an ordered phase
from ﬂuorescence lifetime analysis or trans-parinaric acid (tPA), since
its ﬂuorescence emission shows longer lifetime components when lo-
cated in an ordered (e.g., ceramide-rich) phase [17,31–33]. The ordered
phasewe detectwith tPA at different ceramide or DAGconcentrations is
not uniformwith respect to acyl chain order, but is alwaysmore ordered
than the surrounding ceramide or DAG-free POPC phase. At high satu-
rated ceramide or DAG concentration it is likely to be a gel phase. We
interpret our results to demonstrate that the sphingoid-base derived in-
terfacial structure allows for ceramides segregating at lower concentra-
tions compared to the glycerol-based, acyl-chain matched DAGs. The
difference in the onset of ordered phase formation could relate to the
well-known high prevalence of hydrogen bonds among ceramides,
with hydrogen bonding through the 2NH being one major contributor
for the formation of a ceramide-enriched phase in unsaturated bilayer
membranes.2. Materials and methods
2.1. Materials
POPC, OCer, DPG, and POG were from Avanti Polar Lipids. Unless
otherwise speciﬁed, the ceramide long-chain base was sphingosine
(18:1Δt4).N-palmitoyl-D-erythro-ceramide (PCer-18:1Δt4)was obtained
from Larodan Fine Chemicals (Malmö, Sweden).N-palmitoyl-D-erythro-
ceramide with 20:1Δt4 as long chain base (PCer-20:1Δt4) or N-oleoyl-D-
erythro-ceramide with 20:1Δt4 as long chain base (OCer-20:1Δt4) were
prepared from 2-amino-4-eicosaene-1,3-diol (Avanti Polar Lipids) and
palmitic or oleic anhydride (Sigma-Aldrich Chemicals), as described
previously [34,35]. The methylated ceramides (2N(methyl)-palmitoyl-
D-erythro-ceramide (NMePCer), 3O(methyl)-N-palmitoyl-ceramide
(OMePCer), and 2N(methyl)-3O(methyl)-palmitoyl-D-erythro-ceramide
(NMeOMePCer) were prepared as described previously [36]. They all
had 18:1Δt4 as the long-chain base. Trans-parinaric acid (tPA) was syn-
thesized in house from the methyl ester of alpha-linolenic acid accord-
ing to the method described in [37]. HPLC with a preparative Discovery
C18 column (Supelco) was used to purify the tPA. The identity and
purity of tPA was ascertained by ESI-MS (Bruker Daltonics), analytical
HPLC (co-elutionwith authentic tPA), absorbance and emission spectra
(identical to published spectra). tPA was stored dry under argon at
−87 °C until dissolved in argon-purged methanol, and used within a
week. All lipid stock solutions were prepared in hexane:isopropanol
(3:2 by vol), stored at −20 °C and warmed to ambient temperaturebefore use. The water used for sample preparation was puriﬁed by
reverse osmosis followed by passage through a Millipore UF Plus
water-puriﬁcation system (Millipore, Billerica, MA) to yield a product
with ﬁnal resistivity of 18.2 MΩcm. All organic and inorganic chemicals
were of highest purity available, and solvents of spectroscopic grade.
2.2. Preparation of binary lipid vesicles
Lipids from stock solutions were taken to ambient temperature,
mixed, and desired amounts of each lipid togetherwith tPA, were trans-
ferred into glass vials. The solventwas evaporated at 40 °Cwith aﬂowof
argon gas until the lipids were completely dry. Puriﬁed argon-purged
Tris buffer (50 mM Tris with 140 mM NaCl, pH 7.4) was added to
yield the desired ﬁnal concentration. The lipidswere allowed to hydrate
for 60 min at 65 °C without disturbance. After the hydration period,
sampleswere vortexed for 1min, and subjected to 5min of bath sonica-
tion at 65 °C (FinnSonic M3 Bath Sonicator; 40 KHz ultrasonic power at
80 W, FinnSonic Oy, Lahti, Finland). The resultant vesicles were
multilamellar and fairly polydisperse (data not shown).
2.3. tPA ﬂuorescence life-time measurements
Fluorescence lifetimes of tPA were measured in multilamellar
vesicles (0.2 mM ﬁnal lipid concentration containing 1 mol% of tPA) of
varying lipid composition (POPC and the indicated concentration of cer-
amide or DAG). Before ﬂuorescence measurements the samples were
kept in the dark for at least 1 h at ambient temperature. The ﬂuores-
cence decays of tPA were recorded at 10 or 23 °C with a FluoTime
200-spectrometer with a PicoHarp 300E time-correlated single photon
counting module (PicoQuant GmbH, Berlin, Germany). tPA was excited
with a 298 nm led laser source and the emission collected at 405 nm.
The samples were kept at constant temperature (Peltier cuvette holder)
under constant stirring during the measurements. Data were acquired
and analyzed with the FluoFit Pro-software obtained from PicoQuant. A
typical decay curve is shown in Fig. S1, together with analysis details.
For a decay which is described by a sum of exponentials, where αi is
the normalizedpre-exponential and τi is the lifetimeof the decay compo-
nent i, the intensity-weighted lifetime is given by bτN= Σi αiτi2/Σi αiτi
[38]. The decay of tPA emission in a binary or more complex bilayer is
often characterized bymultiple (2–3) lifetime components. The longest
lifetime component is associatedwith tPA localized in themost ordered
environment (often a gel phase) where diffusion-induced quenching of
the excited state is lowest [39].
2.4. Differential scanning calorimetry
To determine the main phase transition temperature of OCer (both
18:1Δt4 20:1Δt4 as the long chain base), differential scanning calorimetry
was employed. Appropriate amounts of the lipids were dried in glass
tubes, redissolved in benzene and placed under vacuum for 1 h. The
dry lipid ﬁlms were then hydrated at 70 °C for 2 h. After hydration the
samples were sonicated in a bath sonicator 3 × 20min at 70 °C with in-
termittent vortex mixing until homogeneous, opalescent preparations
were obtained. The samples, of 1 mM ﬁnal concentration, were cooled
down to room temperature before being loaded into the cell of a
Microcal VP-DSC (Northampton, MA, USA). 5 consecutive heating and
cooling thermograms were recorded between 0 and 90 °C using a tem-
perature gradient of 1 °C/min. Data were analyzedwith Origin-software
(OriginLab, Northampton, MA, USA).
2.5. Approximating molecular dimensions
To determine the all trans length of the long chain base, or the sn-1
acyl chain plus glycerol, we built the molecules in Maestro v 9.9.013
(2014), and determined the distance between C1 and the terminal
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ceramides, and the DPG used in the work.
3. Results
Ceramides have been shown to segregate in bilayer membranes
[18–20,23,24]. In this study, we have deduced ceramide and DAG segre-
gation based on the formation of an ordered phase, using lifetime anal-
ysis of tPA. This probe readily prefers ordered phases in bilayers with a
Kpgel/ﬂuid between 2 and 6.3, depending on the composition of the gel and
ﬂuid phase [17,40,41]. The emission lifetime of tPA is very sensitive to
the phase state in which it exists, with lifetimes being longer in ordered
and shorter in disordered phases [17,31–33].
3.1. Formation of an ordered phase by PCer and DPG
Although the ordered phase formation of PCer in POPC bilayers has
been well characterized [17], we wanted to further compare PCer be-
havior in a POPC bilayer with an acyl-matched DAG (e.g., DPG). As
shown in Fig. 1A, PCer with the sphingosine backbone (18:1Δt4) readily
formed an ordered phase (above 3 mol%), indicated by the rapidly in-
creasing intensity weighted average lifetime of tPA emission as the
PCer concentration in the bilayer increased above this limit. As this dra-
matic change in the ﬂuorescence lifetime is associated with the appear-
ance of a long lifetime component the results suggest that at this
ceramide concentration ceramide-rich gel phase domains are formed.
This result is similar to the data presented by Silva and co-workers for
a similar system [17].WithDPG,we noted that it also formed anordered
phase (as indicated by the increased tPA emission lifetime (Fig. 1A)),
but at about 3–4 mol% higher concentration than PCer.
To verify acyl chain equivalence, we performed molecular dimen-
sion analysis of the all trans conﬁgured long-chain base of PCer with
the sn-1 acyl chain+glycerol of DPG (Fig. 1B). Based on thesemeasure-
ments, we concluded that a PCer with a 20 carbon long-chain base
would be a better match for DPG, so this molecule was synthesized.
When PCer-20:1Δt4 was added to POPC bilayers at 23 °C, the average
tPA lifetime increased with increasing [PCer-20:1Δt4]. Similarly to PCer21
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software, and is given next to the arrow.it seems ordered ceramide-rich domains started to form at 3 mol%, as
seen from the dramatic change in tPA ﬂuorescence lifetime at this con-
centration (Fig. 1A). The longest lifetime-component (τ1) at 12 mol%
ceramide or DPG was longest for PCer-20:1Δt4, intermediate for PCer-
18:1Δt4, and shortest for DGP (Table 2). As this safely can be assumed
to be associated with the most ordered environment in the membrane
it suggest that at this concentration and temperature ordered domains
were most tightly packed for PCer-20:1Δt4 and least ordered for DGP.
Assuming that PCer-20:1Δt4 also in real bilayers is chain equivalent to
DPG, the concentration difference seen between PCer-20:1Δt4 and DPG
(Fig. 1A) for equivalent ordereddomain packing ismost likely explained
by stabilizing hydrogen-bonding among for the ceramides. Stabilizing
inter-molecular hydrogen bonding among ceramides should increase
self-association, as also suggested by the signiﬁcantly higher Tm of
hydrated PCer compared to DPG (Table 1; Tm above 90 °C for PCer
versus 64 °C for DPG).3.2. Formation of an ordered phase by OCer and POG
Next, we compared the monounsaturated OCer (both OCer-18:1Δt4
and OCer-20:1Δt4) with POG to determine whether, and at which con-
centration, theywere able to form anordered phase in the POPC bilayer.
In their pure state, the OCer:s, with a cis double bond in their N-linked
acyl chain displayed complex phase transitionswith themain transition
occurring between 47 and 49 °C (Table 1, Figs. S2 and S3). Sphingolipid
gel states are often metastable and internal conversions are commonly
seen. This probably explains the complex thermogram seen for oleoyl
ceramides in Figs. S2-3. The OCer transitions occur expectedly at a
lower temperature compared with the saturated PCer-18:1Δt4 (N90 °C,
Table 1). The Tm for the gel-ﬂuid transition of POG has been reported
to be 12 °C (Table 1), which is markedly lower than for any of the
OCer:s. It is, however, unclear how the phase transition temperature
of pure ceramides or DAGs correlates with their capacity to form
ordered domains in a POPC bilayer, as there is no clear correlation be-
tween the main transition temperatures in Table 2 and the concentra-
tion at which the different lipids induce gel phase.23
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rminal C in the long chain base (or the sn-1palmitoyl chain)wasdetermined usingMaestro
Table 1
Phase transition temperatures of pure hydrated ceramides and acyl-chainmatched diacyl-
glycerols. Some of the values were determined in house by DSC, others were taken from
the literature.
Lipid species Main Tm Reference
PCer-18:1Δt4 91.5–94.1 °C Shah et al., J. Lipid Res. 36: 1936 (1995)
Westerlund et al., Eur Biophys J 39:1117 (2010)
DPG 64 °C Howe & Malkin, J Chem Soc London 2663 (1951)
Torrecillas et al., Biochemistry 40:15038 (2001)
OCer 18:1Δt4 49 °C2 Supplemental information, Fig. S2
OCer 20:1Δt4 47 °C2 Supplemental information, Fig. S3
POG 12 °C Jiménez-Monreal et al., Biochim Biophys Acta 1373:
209 (1998)
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formed ordered domains at lower concentration than OCer-18:1Δt4 as
seen from the typical rise in average tPA lifetime (Fig. 2A). The longest
lifetime component of tPA was longer in OCer-20:1Δt4 than in OCer-
18:1Δt4 (at equal concentration) suggesting that the ordered domains
formed by the former wasmore densely packed (Table 2). The addition
of POG to the POPC bilayer at 10 °C led to a concentration-dependent
increase in the average lifetime of tPA very similar to that induced by
the addition of OCer-18:1Δt4 (Fig. 2A), suggesting that at this tempera-
ture POG and PCer formed ordered domains at similar concentration.
The long lifetime component at 20 mol% and 10 °C for POG was similar
to that of OCer-18:1Δt4, suggesting equal order in the ordered phase at
this composition and temperature.
At 23 °C, the average lifetimes of tPA were shorter than those found
at 10 °C for each composition (Fig. 2B), and the ordered domains formed
at higher concentrations than at 10 °C. That the onset of gel phase for-
mation was shifted to higher concentrations as a response to a raised
temperature can likely be explained by the thermotropic phase behav-
ior of the lipids.
From these resultswe conclude that alsowith unsaturated ceramides
and POG, the chain-matched ceramide formed a more ordered phase
than POG, and at lower concentration, again suggesting that some fea-
ture of the ceramide interface was responsible for the difference. It
should be noted that light scattering became an increasing problem as
the POG concentration increased to 30 and 40 mol%. This suggested to
us that POG/POPC bilayer stability may have been compromised. We
do not know if or how this “destabilization” affected the average life-
time readings at these concentrations of POG. For OCer/POPC bilayers
increased light scattering in the samples was not observed.
3.3. How does impaired hydrogen-bonding in PCer affect the onset of
ordered phase formation in POPC?
To hinder hydrogen bonding involving the 2NH or 3OH of ceramide,
PCer analogs with methylations in these two positions were synthe-
sized [36,42]. The effect of these methylations on the bilayer behavior
of PCer has recently been described [36], and found to affect theTable 2
The longest lifetime component for selected compositions at the indicated temperature.
Values are averages for n = 2–3 ± SEM.
Composition Temp τ1 (ns)
12 mol% PCer-20:1Δt4 23 °C 53.8 ± 0.5
12 mol% PCer-18:1Δt4 23 °C 42.2 ± 1.0
12 mol% DGP 23 °C 36.6 ± 1.2
20 mol% OCer-20:1Δt4 10 °C 54.4 ± 0.4
20 mol% OCer 18:1-Δt4 10 °C 45.2 ± 0.9
20 mol% POG 10 °C 46.0 ± 0.6
30 mol% PCer-18:1Δt4 10 °C 62.9 ± 0.9
30 mol% OMePCer 10 °C 71.3 ± 3.5
30 mol% NMePCer 10 °C 56.9 ± 3.9
30 mol% NMeOMePCer 10 °C 49.2 ± 0.6interactions of ceramide with PSM in POPC bilayers with the 2NH
being crucial for this interaction. At 10 °C, PCer and OMePCer formed
an ordered phase in a similar concentration-dependent way, as indicat-
ed by the increase in tPA average lifetime (Fig. 3A). The longest lifetime
component at 30 mol% and 10 °C was higher for OMePCer than PCer-
18:1Δt4 (Table 2), suggesting the domain was slightly more ordered
with OMePCer than PCer-18:1Δt4.When the temperaturewas increased
to 23 °C, the order of the PCer- or OMePCer-rich phase was decreased
(as indicated by lower average tPA lifetime values compared to equal
composition at 10 °C), but the average tPA lifetime values still over-
lapped for the two ceramides. However, when the 2NHwasmethylated
(in NMePCer), the order of the ceramide-enriched phase appeared to
decrease, as the longest lifetime component at 30 mol% and 10 °C
decreased for NMePCer compared to either PCer-18:1Δt4 or OMePCer
(Table 2). The decrease in average tPA lifetime for the NMePCer system
was more pronounced at 23 °C than at 10 °C, and an at least two times
higher ceramide concentration was need in order for the ceramide to
form ordered ceramide-rich domains (Fig. 3A & B). These ﬁndings
together suggest that segregation of NMePCer in POPC was markedly
reduced compared to PCer-18:1Δt4 likely due to decreased hydrogen-
bonding through 2NH. The possible contribution of steric hindrance
from the N-methyl was probably insigniﬁcant, since a 3O-methyl did
not cause destabilization of lateral packing but actually appeared to in-
crease lateral interaction (Table 2). With the doubly methylated PCer
(NMeOMePCer), ordered domain formation was only moderately dif-
ferent from NMePCer at 10 °C (as shown by the lifetime versus concen-
tration curve, Fig. 3A). However, at 23 °C the lifetime of tPA failed to
increase signiﬁcantly as the NMeOMePCer concentration in the POPC
bilayer increased up to 40 mol%, whereas NMePCer containing bilayers
gave tPA average lifetimes at 20 ns or above at 30 and 40 mol%, respec-
tively (Fig. 3B).
4. Discussion
Both ceramide and cholesterol fail to form bilayers by themselves
[43,44], since they lack a head group which in a bilayer conformation
would protect the hydrophobic part of themolecule against unfavorable
interactions with water. Instead, they rely on association with large
head group lipids (e.g., phosphatidylcholine and sphingomyelin) for
their existence in bilayermembranes. The bilayer solubility of palmitoyl
ceramide is similar to that of cholesterol, i.e., about 66–67mol% [15,16].
However, the monomer solubility of saturated ceramide in ﬂuid phos-
phatidylcholine bilayers is very low (about 2 mol% [17]). This low
monomer solubility is apparently the result of a tendency of ceramides
to segregate in bilayer membranes. The segregation of ceramides may
be driven by entropic factors [27], since the ceramides often contain sat-
urated and thus ordered acyl chains, while the phospholipids common-
ly have unsaturated and disordered acyl chains. This is in agreement
with the fact that the lipids with saturated acyl chains (PCer-18:1Δt4,
PCer 20:1Δt4 and DPG) were most efﬁcient gel phase formers at 23 °C
of the lipids used in this study, forming gel phase domains which resist
even detergent solubilization [45]. However, since also lipids with un-
saturated chains have been observed to form ordered domains it is
clear that it is not saturated chains alone that lead to segregation. It is
also possible that hydrogen bonding contributes to the segregation of
ceramides in phospholipid bilayers, as hydrogen bonds could promote
the formation of ordered domains by interlinking molecules. Such cer-
amide interactionshave been shown for ceramides inmodels of stratum
corneum [46]. DAGs display lower phase transition temperatures and
reduced capability to hydrogen-bonding compared to ceramides. This
is expected to inﬂuence the process of DAG segregate in comparison
to ceramides.
We measured segregation of ceramides and DAGs indirectly, from
the formation of an ordered phase in POPC as reported by the ﬂuores-
cence lifetime of tPA. This probe prefers the ordered phase over the dis-
ordered POPC phase [47], and the average lifetime of tPA is known to
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lifetimes are very high (30–50 ns) in highly ordered phases, while
becoming much reduced (to 5 ns or less) when tPA is forced to exist
in a ﬂuid phase. Using the lifetime analysis approach, we found that
PCer formed ordered domains giving signiﬁcantly higher ﬂuorescence
tPA lifetime values compared to the DPG (at 23 °C; Fig. 1A,
Table 2). Further, ordered domains formed at lower concentration
with PCer than with DPG. Even though naturally occurring PCerMol% Ce
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en triangle) at 10 °C (A) or 23 °C (B). The curve for PCer-18:1Δt4 (ﬁlled circle) is included
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to increase the anisotropy of tPA in POPC bilayers at 24 °C [38], suggest-
ing that it aggregates and gives a more ordered packing arrangement in
the bilayer. Our present data also suggest that bilayer order increased
with increasing OCer concentration, and more so when the long-chain
base was 20:1Δt4. This was true at both 10 and 23 °C, but the ordered
phase became more packed (longer longest lifetime component,
Table 2) at the lower temperature. POPC bilayers with increasing con-
centrations of POG also showed increased order at 10 °C, but much
less at 23 °C (Fig. 2A, B). Again, the difference in ordering by POG and
thematched OCer-20:1Δt4 suggests the involvement of hydrogen bond-
ing in stabilizing ordered domains containing OCer. The general ﬁnding
that the unsaturated ceramides and POG formed an ordered phase (at
10 °C) also suggests that despite of the cis unsaturation, the lack of a
large head group on these molecules allowed for their segregation in
the POPC bilayer. A recent study of POG miscibility in POPC supported
bilayers also show phase-separation of POG-rich nanodomains in the
POPC bilayer [48]. These domains were about 75 nm in size and were
thicker than the surrounding POPC bilayer.
Our POPC bilayers with high content of POG (30–40 mol%) showed
increasing light scattering, which was not observed in the OCer-
containing bilayers. It is known that both ceramides and DAGs can
decrease the temperature of the bilayer/hexagonal HII phase transition
of e.g., phosphatidylethanolamines [49]. However, HII phase formation
in POPC bilayers is not a likely scenario. On the other hand, high concen-
tration of unsaturated DAGs in a phospholipid bilayer can result in the
formation of an isotropic phase [50,51], which in part may be due to
vesiculation [52]. Our own 31P NMR measurements of OCer-18:1Δt4
and POG (40mol%, respectively) in POPC suggested that these hydrated
mixtureswere stable bilayers at 23 °C but turned into an isotropic phase
at 40 and 60 °C for POG and OCer-18:1Δt4, respectively (Nyholm,
Engberg and Slotte, unpublished observation). In another 31P NMR
study, 40 mol% POG in POPC was shown to produce an isotropic phase
at 30 °C [51]. It is unclear if these processes explained our light scatter-
ing phenomena, or whether tPA average lifetimes were affected.
The last set of molecules that we used to elucidate the role of hydro-
gen bonding (and interfacial packing) for ceramide/ceramide interac-
tion, consisted of 2NH or 3OH methylated PCer analogs. In a previous
study inwhich these PCer analogsweremixedwith PSM, bothOMePCer
and NMePCer formed a gel phase with PSM, but with reduced Tm (Tm
61.2 and 57.6 °C, respectively) compared to a PCer/PSM gel phase
(70.4 °C) [36], indicating that the intermolecular interactions were
destabilized by the methylations –possibly due to impaired hydrogen
bonding. However, when studied in binarymixtureswith POPC or com-
plex mixtures with both POPC and PSM, the OMePCer was observed to
form ordered phases of similar lateral packing and thermal stability as
PCer, whereas for NMePCer-containing domains the lateral packing
and thermal stability were signiﬁcantly reduced. Similarly, in the pres-
ent study the methylation of 3OH seemed to have no effect on the pro-
cess of ordered phase formation by PCer in POPC bilayers (Fig. 3A, B). On
the other hand, the presence of an intact 2NH appeared to be crucial for
PCer ordered phase formation, since its methylation (in NMePCer)
markedly reduced the tPA average lifetimes (Fig. 3A, B). It also appeared
that methylation of the 3OH only inhibited ordered phase formation if
also the 2NH was methylated. These results strongly suggest that for
hydrogen bonding through the 2NH was important in promoting the
formation of ceramide-rich ordered domains.
5. Conclusions
Our results show that when ceramide and DAG ordered domain
formation was compared, ceramides formed ordered domains at
lower concentration compared to acyl-chain matched DAGs, and the
ceramide-rich domainsweremore ordered than theDAG-rich domains.
This difference could arise from stabilizing hydrogen bonding among
the ceramides, since methylation of the 2 N markedly attenuatedordered domain formation by PCer. The biological consequence of this
property is that ceramides are very prone to lateral segregation and
form ordered domains even at low bilayer concentration, which may
be important for their possible bioactivity in cells.
Conﬂict of interest
The authors declare no conﬂict of interest.
Acknowledgments
We thank Dr. Tomi Airenne for help with Maestro software and
molecular dimension measurements. The study was funded by gener-
ous grants from the Sigrid Juselius Foundation, the Magnus Ehrnrooth
Foundation, and the Åbo Akademi Foundation.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2015.06.019.
References
[1] Y.A. Hannun, The sphingomyelin cycle and the second messenger function of
ceramide, J. Biol. Chem. 269 (1994) 3125–3128.
[2] Y.A. Hannun, L.M. Obeid, Ceramide: an intracellular signal for apoptosis, Trends
Biochem. Sci. 20 (1995) 73–77.
[3] Y.A. Hannun, C. Luberto, Ceramide in the eukaryotic stress response, Trends Cell Biol.
10 (2000) 73–80.
[4] Y.A. Hannun, L.M. Obeid, The Ceramide-centric universe of lipid-mediated cell reg-
ulation: stress encounters of the lipid kind, J. Biol. Chem. 277 (2002) 25847–25850.
[5] Y.A. Hannun, L.M. Obeid, Many ceramides, J. Biol. Chem. 286 (2011) 27855–27862.
[6] B.M. Castro, M. Prieto, L.C. Silva, Ceramide: a simple sphingolipid with unique bio-
physical properties, Prog. Lipid Res. 54 (2014) 53–67.
[7] R. Kolesnick, Y.A. Hannun, Ceramide and apoptosis, Trends Biochem. Sci. 24 (1999)
224–225.
[8] L.M. Obeid, C.M. Linardic, L.A. Karolak, Y.A. Hannun, Programmed cell death induced
by ceramide, Science 259 (1993) 1769–1771.
[9] E. Gulbins, S. Dreschers, B. Wilker, H. Grassme, Ceramide, membrane rafts and infec-
tions, J. Mol. Med. 82 (2004) 357–363.
[10] E. Gulbins, R. Kolesnick, Raft ceramide in molecular medicine, Oncogene 22 (2003)
7070–7077.
[11] B. Stancevic, R. Kolesnick, Ceramide-rich platforms in transmembrane signaling,
FEBS Lett. 584 (2010) 1728–1740.
[12] W.J. van Blitterswijk, A.H. Van Der Luit, R.J. Veldman, M. Verheij, J. Borst, Ceramide:
second messenger or modulator of membrane structure and dynamics? Biochem. J.
369 (2003) 199–211.
[13] E.L. Laviad, L. Albee, I. Pankova-Kholmyansky, S. Epstein, H. Park, A.H. Merrill Jr., A.H.
Futerman, Characterization of ceramide synthase 2: tissue distribution, substrate
speciﬁcity, and inhibition by sphingosine 1-phosphate, J. Biol. Chem. 283 (2008)
5677–5684.
[14] Y. Pewzner-Jung, S. Ben-Dor, A.H. Futerman, When do Lasses (longevity assurance
genes) become CerS (ceramide synthases)?: insights into the regulation of ceramide
synthesis, J. Biol. Chem. 281 (2006) 25001–25005.
[15] M.R. Ali, K.H. Cheng, J. Huang, Ceramide drives cholesterol out of the ordered lipid
bilayer phase into the crystal phase in 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine/cholesterol/ceramide ternary mixtures, Biochemistry 45 (2006)
12629–12638.
[16] J. Huang, J.T. Buboltz, G.W. Feigenson, Maximum solubility of cholesterol in phos-
phatidylcholine and phosphatidylethanolamine bilayers, Biochim. Biophys. Acta
1417 (1999) 89–100.
[17] L. Silva, R.F. de Almeida, A. Fedorov, A.P. Matos, M. Prieto, Ceramide-platform forma-
tion and -induced biophysical changes in a ﬂuid phospholipid membrane, Mol.
Membr. Biol. 23 (2006) 137–148.
[18] S. Chiantia, N. Kahya, P. Schwille, Raft domain reorganization driven by short- and
long-chain ceramide: a combined AFM and FCS study, Langmuir 23 (2007)
7659–7665.
[19] Ira, S. Zou, D.M. Ramirez, S. Vanderlip, W. Ogilvie, Z.J. Jakubek, L.J. Johnston, Enzy-
matic generation of ceramide induces membrane restructuring: correlated AFM
and ﬂuorescence imaging of supported bilayers, J. Struct. Biol. 168 (2009) 78–89.
[20] Ira, L.J. Johnston, Sphingomyelinase generation of ceramide promotes clustering of
nanoscale domains in supported bilayer membranes, Biochim. Biophys. Acta 1778
(2008) 185–197.
[21] Y.W. Hsueh, R. Giles, N. Kitson, J. Thewalt, The effect of ceramide on phosphatidyl-
choline membranes: a deuterium NMR study, Biophys. J. 82 (2002) 3089–3095.
[22] H.W. Huang, E.M. Goldberg, R. Zidovetzki, Ceramide induces structural defects into
phosphatidylcholine bilayers and activates phospholipase A2, Biochem. Biophys.
Res. Commun. 220 (1996) 834–838.
2117P. Ekman et al. / Biochimica et Biophysica Acta 1848 (2015) 2111–2117[23] F.M. Goni, A. Alonso, Effects of ceramide and other simple sphingolipids on mem-
brane lateral structure, Biochim. Biophys. Acta 1788 (2009) 169–177.
[24] D. Milhas, C.J. Clarke, Y.A. Hannun, Sphingomyelin metabolism at the plasma
membrane: implications for bioactive sphingolipids, FEBS Lett. 584 (2010)
1887–1894.
[25] H. Grassme, J. Riethmuller, E. Gulbins, Biological aspects of ceramide-enrichedmem-
brane domains, Prog. Lipid Res. 46 (2007) 161–170.
[26] Y. Zhang, X. Li, K.A. Becker, E. Gulbins, Ceramide-enriched membrane domains—
structure and function, Biochim. Biophys. Acta 1788 (2009) 178–183.
[27] P.F. Almeida, Thermodynamics of lipid interactions in complex bilayers, Biochim.
Biophys. Acta 1788 (2009) 72–85.
[28] I. Pascher, Molecular arrangements in sphingolipids. Conformation and hydrogen
bonding of ceramide and their implication on membrane stability and permeability,
Biochim. Biophys. Acta 455 (1976) 433–451.
[29] I. Artetxe, C. Sergelius, M. Kurita, S. Yamaguchi, S. Katsumura, J.P. Slotte, T. Maula,
Effects of sphingomyelin headgroup size on interactions with ceramide, Biophys. J.
104 (2013) 604–612.
[30] F.M. Goni, A. Alonso, Structure and functional properties of diacylglycerols in mem-
branes, Prog. Lipid Res. 38 (1999) 1–48.
[31] B.M. Castro, R.F. de Almeida, L.C. Silva, A. Fedorov, M. Prieto, Formation of ceramide/
sphingomyelin gel domains in the presence of an unsaturated phospholipid. A
quantitative multiprobe approach, Biophys. J. 93 (2007) 1639–1650.
[32] B.M. Castro, L.C. Silva, A. Fedorov, R.F. de Almeida, M. Prieto, Cholesterol-rich ﬂuid
membranes solubilize ceramide domains: implications for the structure and
dynamics of mammalian intracellular and plasma membranes, J. Biol. Chem. 284
(2009) 22978–22987.
[33] L.C. Silva, R.F. de Almeida, B.M. Castro, A. Fedorov, M.J. Prieto, Ceramide-domain for-
mation and collapse in lipid rafts: membrane reorganization by an apoptotic lipid,
Biophys. J. 92 (2006) 502–516.
[34] R. Cohen, Y. Barenholz, S. Gatt, A. Dagan, Preparation and characterization of well
deﬁned D-erythro sphingomyelins, Chem. Phys. Lipids 35 (1984) 371–384.
[35] S. Nybond, Y.J. Bjorkqvist, B. Ramstedt, J.P. Slotte, Acyl chain length affects ceramide
action on sterol/sphingomyelin-rich domains, Biochim. Biophys. Acta 1718 (2005)
61–66.
[36] T. Maula, M. Kurita, S. Yamaguchi, T. Yamamoto, S. Katsumura, J.P. Slotte, Effects of
sphingosine 2N- and 3O-methylation on palmitoyl ceramide properties in bilayer
membranes, Biophys. J. 101 (2011) 2948–2956.
[37] D.V. Kuklev, W.L. Smith, Synthesis of four isomers of parinaric acid, Chem. Phys.
Lipids 131 (2004) 215–222.
[38] S.N. Pinto, L.C. Silva, A.H. Futerman, M. Prieto, Effect of ceramide structure on mem-
brane biophysical properties: the role of acyl chain length and unsaturation,
Biochim. Biophys. Acta 1808 (2011) 2753–2760.[39] L.A. Sklar, B.S. Hudson, R.D. Simoni, Conjugated polyene fatty acids as ﬂuorescent
probes: synthetic phospholipidmembrane studies, Biochemistry 16 (1977) 819–828.
[40] Y.J. Bjorkqvist, S. Nybond, T.K. Nyholm, J.P. Slotte, B. Ramstedt, N-palmitoyl-sulfatide
participates in lateral domain formation in complex lipid bilayers, Biochim. Biophys.
Acta 1778 (2008) 954–962.
[41] R. Welti, D.F. Silbert, Partition of parinaroyl phospholipid probes between solid and
ﬂuid phosphatidylcholine phases, Biochemistry 21 (1982) 5685–5689.
[42] A. Bjorkbom, T. Rog, P. Kankaanpaa, D. Lindroos, K. Kaszuba, M. Kurita, S. Yamaguchi,
T. Yamamoto, S. Jaikishan, L. Paavolainen, J. Paivarinne, T.K. Nyholm, S. Katsumura, I.
Vattulainen, J.P. Slotte, N- and O-methylation of sphingomyelin markedly affects its
membrane properties and interactions with cholesterol, Biochim. Biophys. Acta
1808 (2011) 1179–1186.
[43] F. Bonosi, G. Gabrieklli, E. Margheri, G. Martini, Effect of the addition of ceramide to
dioleoylphosphatidylcholine vesicles: an ESR and SEM study, Langmuir 6 (1990)
1769–1773.
[44] M.E. Haberland, J.A. Reynolds, Self-association of cholesterol in aqueous solution,
Proc. Natl. Acad. Sci. U. S. A. 70 (1973) 2313–2316.
[45] J. Sot, M.M. Manni, A.R. Viguera, V. Castaneda, A. Cano, C. Alonso, D. Gil, M. Valle, A.
Alonso, F.M. Goni, High-melting lipid mixtures and the origin of detergent-resistant
membranes studied with temperature-solubilization diagrams, Biophys. J. 107
(2014) 2828–2837.
[46] R. Mendelsohn, I. Selevany, D.J. Moore, M.C. Mack Correa, G. Mao, R.M. Walters, C.R.
Flach, Kinetic evidence suggests spinodal phase separation in stratum corneum
models by IR spectroscopy, J. Phys. Chem. B 118 (2014) 4378–4387.
[47] L. Silva, A. Coutinho, A. Fedorov, M. Prieto, Nystatin-induced lipid vesicles perme-
abilization is strongly dependent on sterol structure, Biochim. Biophys. Acta 1758
(2006) 452–459.
[48] T. Nagashima, S. Uematsu, Water-binding phospholipid nanodomains and phase-
separated diacylglycerol nanodomains regulate enzyme reactions in lipid mono-
layers, Langmuir 31 (2015) 1479–1488.
[49] M.P. Veiga, J.L. Arrondo, F.M. Goni, A. Alonso, Ceramides in phospholipid mem-
branes: effects on bilayer stability and transition to nonlamellar phases, Biophys. J.
76 (1999) 342–350.
[50] K.A. Riske, H.G. Dobereiner, Diacylglycerol-rich domain formation in giant stearoyl-
oleoyl phosphatidylcholine vesicles driven by phospholipase C activity, Biophys. J.
85 (2003) 2351–2362.
[51] A.M. Jimenez-Monreal, J. Villalain, F.J. Aranda, J.C. Gomez-Fernandez, The phase
behavior of aqueous dispersions of unsaturated mixtures of diacylglycerols and
phospholipids, Biochim. Biophys. Acta 1373 (1998) 209–219.
[52] H. Ahyayauch, J. Sot, M.I. Collado, N. Huarte, J. Requejo-Isidro, A. Alonso, F.M. Goni,
End-product diacylglycerol enhances the activity of PI-PLC through changes in
membrane domain structure, Biophys. J. 108 (2015) 1672–1682.
